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Non-linear Delay Differential Equations in Physical Problems

Fateme Sheikhi' and Bahman Ghazanfari®*

ABSTRACT. This paper investigates the application of the Quasilin-
earization Method (QLM) for approximating non-linear delay dif-
ferential equations (DDEs), which are prevalent in fields such as
control systems and population dynamics. QLM effectively trans-
forms these complex non-linear problems into a system of linear
equations, a key advantage for computational efficiency. Our work
provides two main contributions: a rigorous mathematical proof
demonstrating the quadratic convergence of the proposed technique
and numerical examples that illustrate its practical applicability
and reliability. We apply QLM to DDEs with various non-linear
forms, including quadratic and exponential types and with fixed,
discrete delays. The results confirm that the method is highly ac-
curate, computationally efficient and easy to implement, making it
a valuable tool for future research.

1. INTRODUCTION

Differential equations with delays, commonly-known as delay differ-
ential equations (DDEs) are extensively utilized in various fields, in-
cluding control systems, population dynamics and engineering sciences
[6, 16, 18, 19, 24]. The initial value problem for the non-linear delay dif-
ferential equation is presented in Equation ([L.1)), which consists of the
main differential equation and its initial function defined over a specific
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interval as follows:

u™ (r) = F (r,u(r),d'(r),...,u™ D (r),u(r — 7o),
(1_1) u/(T—T1>,...,u(”*1)(r—7'n_1)), r 27-0’

u(r) = ¢(r), r <rg,

where 0 < o<1 <--- <71 and rg = 0.

Delay differential equations are characterized by their dependence on
prior values of the solution and its derivatives, along with an initial
function instead of the conventional initial conditions. This dependence
on prior values, defined by the delay terms, introduces a considerable
challenge in analyzing and numerically solving these types of equations.
Various methods have been documented in the literature for solving
these equations. Senu et al. [26] used the two-derivative Runge-Kutta
type method with Newton interpolation, while Chatzarakis et al. [§]
solved these types of equations using scillation criteria. Bellour et al.
in [4] applied the Taylor collocation method. Hoo et al. [13] solved
these equations using the direct two-point block method. Kocak et al.
in [17] employed the homotopy perturbation and variational iteration
methods. Jaaffar et al. [14] proposed a fifth-order direct multistep
block method. Also, Aibinu solved the delay differential equations via
Sumudu transforms [[] and Rihan utilized the numerical method based
on modified ODE formulae [25].

Among these methods, the QLM effectively approximates solutions
to equations of the form (EI), particularly those arising in physical
contexts. The QLM has been applied to a variety of non-linear ODEs
[20-23, 27, 2§].

However, its application to DDEs requires careful consideration of
the specific challenges created by the delay terms. We demonstrate that
with a sufficient number of iterations, it is possible to achieve efficient
numerical results with rapid convergence.

Generally, this article focuses on the application of the QLM to the
approximation of delay differential equations. While some articles have
applied this method to other types of equations, its application to phys-
ical delay differential equations has been limited.

The framework of the paper is as follows:

In Section E, describe of the technique. Section E presents a brief dis-
cussion on convergence analysis. In Section fl, we present examples that
illustrate the effectiveness of the proposed algorithm. Finally, the last
Section provides a conclusion.



APPLICATION OF THE QUASILINEARIZATION METHOD TO APPROXIMATEIL87

2. DESCRIPTION OF THE TECHNIQUE

The QLM was originally developed by Bellman and Kalaba [15]. The
main idea of this technique is to replace a non-linear differential equation
with a sequence of linear differential equations. Nowadays, this method
has been utilized and further expanded by various researchers [20, 21,
23, 27, 24).

Now, we consider the non-linear delay differential equation (@) as a
general DDE of order n, while F is a non-linear function and
T0,T1," "+ , Tn—1 are the delays. To simplify, we use the following symbols:

(2.1) uo(r) = u(r),u (r) = u'(r), ..., un_1(r) = "V (r),

Uor (1) = w(r — 70), 1, (r) = u(r — 1),

u(n,l)m_l(r) =u(r — mp—1).
So, by using these expressions, we can rewrite equation (@) as follows:
(2.2)

L"u(r)=F (r, u(1)y vy Un—1(7), Uory (T), - - - s U(n—1)r_1 (7“)) =0.
On the other hand, we choose initial guesses for ug(r), u1(r), ..., up—1(r)
respectively as follows:

(2.3) U()70(7’), ’U,L()(?“), PN ,U(n_1)70(7'>.

By using the Quasilinearization method for solving (), we obtain the
iterative approximation wu,1(r) as a solution of the following linear delay
differential equation:

(2.4)
L"upy1(r)
=F r, uO,k(T)a ul,k(r)a .. 7un—17'n71,k(r))
n—1 8F
D (e (1) = (1) 5 (00 () (1), -ty ()
i=0 !
n—1 8F
+ ;(Um,kﬂ(r) - Um,k(r))m(ﬁ uU,k(T)v ULk(?“)a cee aun—lrn_l,k(r))-

In the interval 0<r<ry, we obtain:
(2.5) u(r — 1) = o(r — 19),

' (r —10) = ¢ (r —70),
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Then, the QLM is applied for 7o <r<7;, where j is the smallest index such
that 797#7;. This procedure is continued iteratively until an approximate
solution of ([L.1)) is obtained.

3. CONVERGENCE ANALYSIS

The convergence of the method will be briefly demonstrated in this
section [3]. This proof will require the Green’s function G(r, ), which
for the homogeneous system:

(3.1) y;c/+1(7") =0, Ye+1(0) = yg41(ry) =0,
can be obtained easily [J, [10, 29]:
0 —
(3.2) ooy ="0""1)  g<p<p
rf
O(r —
(3.3) G(r,0) = u, O<r<ry.
rf
To address the issue of convergence, it can be shown that the sequence
of functions uy(r) converges to the solution of the original equation if
the value of r¢ or the length of the interval [0,7/] is sufficiently small.

For simplicity, the sequence defined by the following system will be con-
sidered:

(34)  uga(r) = fu(r) + (urra(r) = we(r) fuy ) (un(r))
(35)  wkt1(0) = wpqa (ry) = 0.
Our proof follows that of Kalaba [L15]. Equation @) can be written as:

(
(3.6)  wyp(r) = flup—1(r)) + (ur(r) — wp—1(r)) fu,_, () (wr—1(r))-
By subtracting equation (@) from equation (@) we obtain:

(3.7) upy (1) — ug(r) = f(ur(r)) = f(we—1(r))
= (uk(r) = up—1(r)) fuy_ () (Wt-1(r))
+ (upg1(r) — up(r ))fuk(r (ukz(r))7
where the term (ug11(r) — ug(r)) represents the difference between suc-

cessive approximations and can be considered as the unknown in this
context. Using the mean value theorem, we can demonstrate that:

(3.8)  flun(r)) = fup—1(r)) = (ur(r) — wp—1(r)) fu, () (Ur—1(r))
1

= Q(uk(r) - uk—l(r))vav(U)a
where v lies between ug_1(r) and ug(r). By substituting equation (@)
to the equation (@) and converting it into an integral equation, we find
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that equation (@) becomes:

(3.9) s () — up(r) = /0 G0 [; (s (1) — s 1(1))? Fonlo)

+ (urr1(r) — w(r)) fuy vy (un(r)) ] de.

Consider the absolute values and let m; = max |f,,(v)| and the larger
value of max |f(u(r))| and max |f(ug(r))| by m, so we get:

(3.10) |ugs1(r) — uk(r)|§%f /OTf [% (ug(r) — kal(r))Q

+ m |ug1(r) — uk(r)| [d6.
Now, the equation () can be rearranged:
2
r
mlgf 9
(3.11) [ur+1(r) —uk(r)|< | —— 5 | (u(r) — up-1(r))

7
1 —m—L
™y

= ki (Jug(r) — up—1(r)])*.

The above equation shows that the convergence is quadratic if there is
convergence at all. Rewrite equation (Ell) as follows:

(3.12) g1 (1) — uge(r)| <r (Jug(r) — w1 (1)])?,
i (r) — w1 ()] <]6 (Jue—1(r) — up—a(r)])?,

Jur—1(r) — wr—z(r)| < (Jur—2(r) = up—s(r)])?,

Jus(r) = ur(r)] <k (Jur (r) —uo(r)])*.

By the use of simple substitution, we have:

(3.13) gy 1(r) — we(r)| <k (Jug(r) = up—1(r)])*
9 2
<k (K (Jur—1(r) — up—2(r)]) )
< ...

that the following inequality can be obtained:
k
(314)  Jurr () — () <k 72 (ua (1) = wo ()|

[ (ua(r) — o (r))]*"

K
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If the quantity [k(u1(r) — up(r))]<1 holds, the right-hand side of ()
will approach zero as k increases. Therefore, uy(r) will approach a func-
tion u(r) an equation (@) is reduced to:

Tf
(3.15) u(r) = /0 Gr,0) (u(6)) db.

Thus, the function u(r) satisfies the original equation. Observe that if
The value of r, or the length of the interval [0,r] is sufficiently small,
the quantity

o (lua(r) = uo(r)])

will be less than one. It is interesting to further observe that this quan-
tity also depends on the maximum value of

u1(r) — uo(r)].
Thus, if the interval [0, r¢] is too large, we can always, at least theoreti-
cally, choose a better initial approximation uy(r) so that the maximum
difference between the absolute values of u1(r) and ug(r), will be small
enough to make

[ (Jur(r) — uo(r)])]
less than one.
4. NUMERICAL EXAMPLES

To demonstrate the applicability of the presented numerical method,
we consider some examples.

Example 4.1. Consider the following delay differential equation:
(4.1) W' (r) +u"(r — 5) = —gu™(r)u'(r — 5), u(0) =1
subject to

(4.2) u(r) =1+r, r<0.

For 0<r<5, we can obtain —5<r — 5<0. So, the following relation
can be concluded from relation (@)

(4.3) W(r—5 =1 = 4'(r—5)=0.
By substituting (@) in (@), we get the following equation:
(4.4) u'(r) = —g.u"(r), u(0) =1,

which is a non-linear ordinary differential equation suggested in [5].
In this situation, we have:

(4.5) u(r) =
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Now, for 5<r<10, we have 0<r — 5<5. So, by using relation (@), we
obtain:

(4.6) W'(r—>5)=f(r-5), = 4'(r—5) =f"(r-5).

Then by substituting equation (@) into equation (@), we have:

(4.7) u'(r) + f"(r —5) = —gu™(r)f' (r — 5).

We get the initial condition for (@) by substituting r = 5 in equation
X

(@) Then, by applying equation ) to equations (Q) and (@)
respectively, we get:

(4.8) Wyr (r) + ngup ™ (rYupgr (r) = (0 = Dgui(r),  upg(0) =1,
and

(4.9)

U1 (1) = = f"(r = 5) — gqui(r) + (41 (r) — ug(r)) (ngu =" (r) f'(r — 5)),
up+1(5) = 0.5212011081.

The given boundary value will be used as the initial guess for the rela-
tions (@) and (@3, i.e., up(r). = 1. These equations are solved and the
results are plotted in Figureﬁ (a) for 0<r<5, (b) for 5<r<10 and in
Figure  for 0<r<10.

As shown in Figures El and E, the Quasilinearization Method (QLM)
demonstrates rapid convergence. The difference between successive it-
erations approaches zero quickly, with the method achieving a highly
accurate solution after only a few iterations. This result confirms the
effectiveness of our approach for this specific type of non-linear delay
differential equation.

10 038

09

\ !
."‘--.. ........................................ 0.4 N
08

" 02
07 — e e =] \'_'
v gL i
05 P e 02 E R EER T TR TS I
\—\ 2 \“'--__._‘ _________ 4.
4 04 t—:h' e
‘ ..... (7] == Byin) —- (1) u4(f)‘ | (= () u(1) U4(1’)‘
(A) The obtained graphs for 0<r<5. (B) The obtained graphs for 5<r<10.

FIGURE 1. Numerical solutions of example 4.1.
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FIGURE 2. The obtained graphs of example 4.1 for 0<r<10.

Example 4.2. We analyze the following delay differential equation:

(4.10) u"(r) + u(r) + gud(Hu(r —3) =0, /'(0) =0,
subject to
(4.11) u(r) =1; r<0.

For 0<r<3, we have —3<r —3<0. Then, as a result of relation (),
We get:

(4.12) u(r—3) =1
By substituting () in (), we have:
(413) W) +ulr) +gud(r) =0, w(0)=1, w(0)=0,

which is a form of the classical anharmonic oscillator, a non-linear Duff-
ing equation.

Now, for 3<r<6, we have 0<r — 3<3, which is outside the range
defined in relation () So, we obtain u(r) using an interpolation
method and then we calculate u(r — 3) = ¢(r). Substituting this into
(1.10) yields:

(4.14) u” (1) + u(r) + gu(r)q(r) =0,

with initial conditions u(3) and «/(3) obtained using the interpolation
function.

Then, by using equation (@) on equations (4.13) and () Respec-
tively, we have:
(4.15)

w1 (r)+(1 4 3gup(r)) w1 (r)—2gup(r) = 0,  w41(0) = 1, uj1(0) =0,
and

(4.16) w1 (r) + upsr (r) + Bgui (r)ug41(r)q(r) — 2gui(r)q(r) =0,
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ups1(3) = 0.552323766,  ul_ 1 (3) = 1.149835921.

The initial guess for the iterative process in () is ug(r) = 1. The
presented equations are solved with five iterations and the results are
plotted in Figure E (a) for 0<r<3, (b) for 3<r<6 and in Figure { for
0<r<e6.

As shown in Figures E and @, the Quasilinearization Method (QLM)
demonstrates rapid convergence. The difference between successive it-
erations approaches zero quickly, with the method achieving a highly
accurate solution after only a few iterations. This result confirms the
effectiveness of our approach for this specific type of non-linear delay

differential equation.

¥}

1 by
\ B A g
e ; ,},’ . 1 .
B Javrnr
- TSy

—1
0 1 2 3

r

| ----- (1) — = (1) — — ug(r) —— wuy(r) |

7))

S = () (1)

(A) The obtained graphs for 0<r<3. (B) The obtained graphs for 3<r<6.

FIGURE 3. Numerical solutions of Example @

400

300

100

FIGURE 4. The obtained graphs of example 4.2 for 0<r<6.
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Example 4.3. In this example, consider the following third-order delay
differential equation:

1

(4.17) " (r) + iu”(r)u(r)u'(r —4) =0,
subject to
(4.18) u(r) = %ﬂ(r _4), r<0.
For r<0, from (4.1§) we have the initial conditions at r = 0:
(4.19) u(0)=0,  u'(0)=0.

The value u/(4) = 1 can also be calculated.
For 0<r<4, we have —4<r — 4<0. Thus, by relation E-I8, we can
obtain:

(4.20) u'(r—4)=1.
By substituting () in equation (), we get:
1
(4.21)  J"(r)+ 5u”(r)u(r) =0, wu(0)=4'(0)=0, «'(1)=1,
which is a form of the non-linear Blasius equation.

Now, for 4<r<8, we have 0<r — 4<4, which is outside the range
defined in () So, we obtain u(r) using an interpolation method
and then we calculate u(r — 4) = ¢(r) and «/(r — 4) = ¢/(r). Then, by
substituting these quantities in equation (), we obtain:

(4.22)

1
u”'(r) + §u”(r)u(r)q’(r) =0, u(4) = u'(4) =0, u'(8) = 1.
Then, by using equation (@) in equations () and () Respec-

tively, we have:

oy )0+ v () — ) =0
T w1 (0) = e (0) =0, (4) = 1,

and

(4.24)

1) = ) 0) + e () ) (5l )

#(a(r) = ) (-3 0)).
w1 (4) = up 4 (4) =0, up41(8) = L.

In this context, the initial estimation for the equations (E2i) and (M)
is chosen to be ug(r) = 1. These equations are solved and at last, the
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results are plotted in Figure a (a) for 0<r<4, (b) for 4<r<8 and in
Figure E for 0<r<a8.

As shown in Figures B and B, the Quasilinearization Method (QLM)
demonstrates rapid convergence. The difference between successive it-
erations approaches zero quickly, with the method achieving a highly
accurate solution after only a few iterations. This result confirms the
effectiveness of our approach for this specific type of non-linear delay
differential equation.

20
2 - / 18

. : ra
. . »
1 1 ; I /
- o
/ & S //
035 5 .’.‘- ’./ ’/
Lo
0
0 1 2 3 4 4 5 6 7 8
[ mld == al) —- u ()] [— wl) — mid =+ w5l
(A) The obtained graphs for 0<r<4. (B) The obtained graphs for 4<r<8.

FIGURE 5. Numerical solutions of Example @

| o™
.-—-"-“’

u(r) 4,(7)]

50— ()

FIGURE 6. The obtained graphs of Example @ for 0<r<a8.

Example 4.4. The delay Lane-Emden type equation is as follows:

(4.25) o (r) + Q:a:(_? Fulr—1)=0
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with initial conditions:
(4.26) w0) =0, W'(0)=1,
and defined u(r) for r<0. In this type of equation, the parameter m is

related to the equation of state, with a physical range of 0<m<5.
In this example, we set m = 4. Thus, the equation becomes:

(4.27) o (r) + “jg) Ffulr—1)=0, u0)=0, u'(0)=1,
Subject to:
(4.28) u(r) =, r<0.

For 0<r<1, we have —1<r — 1<0. According to relation (4.2§), we
have:

(4.29) u(r—1)=r.

By substituting () in equation (), we get:
4

(4.30) W (r) + 2 (;) +r=0, u0)=0, (0)=1.
T

Now, for 1<r<2, we have 0<r — 1<1, which is outside the range defined
in ). So, we obtain u(r) on this interval. Then, we calculate u(r —
= p(r) and by substituting this into equation (E.ZZ), we get:

” ut(r) /
(4.31) u'(r) + —5= +p(r) =0, u(1l) =0, u'(l) =1.
r
Applying equation (@) to equations () and () respectively yields:

u(r u(r
(4.32) upq(r) — 3 ’;(3 ) +4 i( )uk+1(r)+r:0,

~
ﬁ
Q0

—_

3
Uk+1 (0) =0, u§c+1 (0) =1,
and
(4.33) uigr(r) =3 upt1(r) +p(r) =0,
ugy1(1) = 0.7164238617, g1 (1) = 0.2241501898.

i) | o
T r

Finally, the results obtained from solving these equations are reported
In Flgure ) for 0<r for 1<r<2 and in Figure § for 0<r<2.

As shown in F1gureSE and)a the Quasilinearization Method (QLM)
demonstrates rapid convergence. The difference between successive it-
erations approaches zero quickly, with the method achieving a highly
accurate solution after only a few iterations. This result confirms the
effectiveness of our approach for this specific type of non-linear delay
differential equation.
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FIGURE 7. Numerical solutions of Example Q
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FIGURE 8. The obtained graphs of Example @ for 0<r<2.
Example 4.5. We consider m = 5 for the Lane-Emden equati

sented in previous example. Therefore, we have equations (

4.2

)-(

OIl_PrI'
2

)

as follows:

5
(4.34) u”(r) + ur(4r) +u(r—1)=0, 4(0)=1,
subject to
(4.35) u(r) =0, r<0.

For 0<r<1, we have —1<r — 1<0. Thus, from relation (), we get:

(4.36) u(r—1)=0.
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Now, by substituting () into equation (4.34), we get:

" u5(r) /
(4.37) u'(r) + o= 0, u(0)=0, «'(0)=1.

For 1<r<2, we have 0<r — 1<1, which is outside the range defined in
(@) Therefore, using the solution obtained for equation (4.37), we
calculate u(r — 1) = g(r) and substitute it into () to get:

7 u5(7’) /
(4.38) u’(r) + ot g(r)=0, «(0)=0, «(0)=1.
Applying equation (@) to equations ('4_37|) and (M) yields:
(4.39)

ui(r u (r
aly) 45 () 1 0w =0, w0 =1,
and
ur(r u? (r 1
(1) + 55 g () — a2 - =0

(4.40) 14 =0

w1 (1) = 0.866025566,  ul_ (1) = 0.649879038.

Finally, the results obtained from solving these equations are reported
in Figure E (a) for 0<r<1, (b) for 1<r<2 and for 0<r<2 in Figure @
As shown in Figures g and @, the Quasilinearization Method (QLM)
demonstrates rapid convergence. The difference between successive it-
erations approaches zero quickly, with the method achieving a highly
accurate solution after only a few iterations. This result confirms the
effectiveness of our approach for this specific type of non-linear delay
differential equation.

08 / - .
1.00 / \
06 098 .
o4 0.94 / \
3

0 02 04 0.6 08 1 1 12 14 16 18 2

(7)) [ ml) — ) —- w0 u,(1) |

(A) The obtained graphs for 0<r<1. (B) The obtained graphs for 1<r<2.

FIGURE 9. Numerical solutions of example 4.5.
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04

02 /
0 035 1 15 2
I

[l == e — -5l 2,(2)]

FIGURE 10. The obtained graphs of example 4.5 for 0<r<2.

5. CONCLUSION

In this study, we successfully applied the Quasilinearization Method
(QLM) to a new class of non-linear delay differential equations (DDEs)
prevalent in various physical applications. Owur approach effectively
transforms these complex non-linear problems into a sequence of lin-
ear differential equations, a key process that ensures computational ef-
ficiency. We provided a rigorous mathematical proof demonstrating the
quadratic convergence of our method and our numerical results consis-
tently confirmed its high accuracy and straightforward implementation.
These findings establish QLM as a valuable and robust tool for solving
this class of equations.

While our method demonstrates exceptional performance, it is impor-
tant to acknowledge its limitations. The current approach is primarily
suitable for a specific class of non-linearities and constant delays within
the scope of our numerical examples. Further research is required to ex-
plore its computational performance when dealing with more complex
non-linear terms or state-dependent delays over larger time intervals.

Furthermore, our work opens several promising avenues for future re-
search [2, 7, 11, 12, B0, B1]. One significant direction involves extending
the application of the QLM to DDEs formulated using other general-
ized differential operators, such as the local generalized derivative or
the conformable derivative. The use of these alternative operators could
offer new insights into the behavior of complex systems and broaden the
applicability of the QLM approach. In summary, our findings establish
QLM as a powerful and innovative tool for analyzing delay differen-
tial equations, which enables researchers to address a wider variety of
physical problems using more accurate mathematical models.
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